Several mechanisms of action can be employed for a molecular imaging contrast agent for use with endoscopy. Targeting of cell surface molecules that are up regulated at an early disease stage, with a fluorescent labelled vector is one attractive approach. However, it suffers from the inherent limitation that the concentration of agent available is fundamentally limited by the concentration of receptor molecules available. Simple models indicate that for successful imaging with a targeting approach, the imaging system should be able to adequately image concentrations in the nanomolar region. Such low reporter molecule concentrations have implications for the choice of contrast agent. Target tissue size and location, the tissue native fluorescence contribution, the brightness of the reporter molecule, and photobleaching thresholds are all factors which contribute to the choice of reporter. For endoscopic imaging of millimetre sized target tissue volumes close to the surface Cy5 TM (650-700nm) wavelengths are preferable to Cy3 TM (550-600nm) and Cy7 TM (750-800nm).
INTRODUCTION
There are several mechanisms that may be employed to enable optical molecular imaging with an exogenous contrast agent. Targeting molecules that are up regulated on the cell surface is an attractive approach. A simple implementation is to label a vector (which targets the molecular receptor of interest) with a fluorescent reporter molecule. This is an example of a one-to-one targeting approach, at most one contrast agent moiety (and thus one reporter molecule) per receptor. Thus we assume that mechanisms that selectively increase the contrast agent concentration, such as agent internalization and receptor recycling etc. are not available to amplify the contrast agent signal. This simple approach suffers an inherent limitation to the concentration of contrast agent available for imaging. The consequence for imaging is a fundamental limit on fluorescence light levels from the contrast agent (which should be significantly greater than native fluorescence for image formation without native fluorescence subtraction). Endoscopy is a real time imaging modality and video frame rates are considered mandatory for several applications. Thus short exposure times (circa 40ms) are preferable for fluorescence imaging, limiting the light available for image formation.
Several clinical fluorescence endoscope systems are commercially available for applications imaging native tissue autofluorescence, and imaging with fluorescent contrast agents. Imaging is usually performed with blue/green excitation wavelengths (around 480-540nm) where tissue autofluorescence is relatively strong 1, 2 . Systems have been described for small animal imaging use 3, 4 . There is still the question of what the performance of a clinical system would be like for the application described above, and whether a videoscope implementation is possible. This paper attempts an initial assessment of the technical feasibility of using one-to-one targeting cell surface receptors as a contrast agent mechanism for fluorescence endoscopy.
MATERIALS AND METHODS

Imaging system
Two main types of colonoscope technologies exist. Fibre scopes are based on a bundle of optical fibers that relay light (the image) from one end of the endoscope to form the image at the other end. Spatial resolution is limited by the number of fibres in the bundle. Videoscopes use a CCD chip placed at the end of the colonoscope closest to the tissue being imaged. Videoscope spatial resolution is limited by the number of pixels in the CCD, which is usually higher (Megapixel) than the number of fibres in a fibrescope (circa 40,000).
The imaging system is built around a clinical laparoscope (model Hopkins II, S/N 26003 AA, Karl Storz, Germany). The laparoscope is a rigid endoscope so it does not need to use an optical fibre bundle to convey the imaging light to the eyepiece. It offers superior resolution to a fibrescope. Imaging system settings can be adjusted to produce the same spatial resolution as provided by a fibrescope. The laparoscope also allows attachment of a high sensitivity CCD camera to the eyepiece end of the scope.
Modifications are required to image fluorescence contrast agents. A tailored light source is necessary for exciting the dye, and fluorescence emission filters are placed between the eyepiece and the CCD detector. A 100mW 635nm diode laser is used as the excitation light. High efficiency fluorescence filters are used. As filter performance is best when light passes orthogonally through the filters, the light is collimated (to +-1.5 o tolerance) when passing through the emission filters. The excitation laser source is also collimated and the laser light passes through an excitation filter. The fluorescent filtering system is shown in Figure 1 . The fluorescence filters used are Omega Optical 3D filters with a long pass and band pass stacked together (660ALP/50 part # 3012211 and 680AF40/50 part # 3012209, Omega Optical, Delta Campus, Omega Drive, Brattleboro VT 05301). The CCD detector is a Hamamatsu ORCA-ERG (Hamamatsu Photonics, Japan), a progressive scan interline CCD with micro lens and IEEE 1394 firewire interface. The effective number of pixels is 1344(H) x 1024(V). The pixel clock rate is 14.75MHz/pixel with 16 frames per second at 2x2 binning. The r.m.s. readout noise is 8 electrons, a full well capacity of 18000 electrons and 2250:1 dymanic range. The chip can be cooled with forced air Peltier cooling to -30 o C. The dark current is 0.03 electron/pixel/sec. Readout is digitised to a nominal 12 bits. The quantum efficiency at 700nm is ~50% (see Figure 2 ).
Sensitivity measurement
By sensitivity we mean the lowest concentration of reporter molecule that can be detected in the tissue being imaged. This is difficult to define precisely for our imaging problem as it depends upon many factors (such as the optical properties of the tissue). However, it relates to the minimum amount of fluorescence measurable by the imaging system. The measurement has to relate to the background signal produced from leakage of the excitation light through the fluorescence filters. Two measurements are performed. The first is blocking performance of the fluorescence filtering system measured through the whole imaging chain. This is reported as an optical density (OD), and is the ability of the instrument to block the excitation light from reaching the detector (which quantifies the technical performance of the instrument). The second is measurement of dye loaded tissue mimicking phantoms. This indicates the concentration of fluorophore required for tissue imaging. 
Measurement of optical density
A fundamental limit to the sensitivity of the instrument is the efficiency of blocking the excitation light through the fluorescence filtering system. This is measured by imaging a diffuse reflectance standard (>98% diffuse reflection, WS-3-GEM Ocean Optics, FL, USA). Measurements are performed with and without the fluorescence filters placed in the imaging system. The transmittance, T , is the ratio of the incident power (filters removed) to the transmitted power (with filters in place). The blocking performance is measured as an optical density defined as,
. Measurements were performed with the reflectance standard in the centre of the field of view, placed 10cm from the laparoscope. CCD camera exposure time is linearly related to imaging signal. The exposure time was varied to fill at least 10 bits of the 12 bit dynamic range of the camera. 
Fluorescence phantom measurement
An indication of the concentration of reporter molecule required to produce a measurable imaging signal is determined from measurements of a tissue mimicking phantom material. Liquid phantoms are used comprised of 2% intralipid by volume (Pharmacia AB, 200mg/ml) to simulate tissue scattering properties and 2% whole blood by volume to mimic tissue absorption. The dilution medium is phosphate buffered saline (PBS, Sigma, lot 66K2363). Cy5 TM (fluorescent dye from GE Healthcare Life Sciences, Cardiff, UK) is added to the phantom material to reach the desired concentration.
3.5mL well plates were filled to a depth of 1cm with the tissue mimicking phantom material. Dye concentrations of 0nM, 0.089nM, 0.18nM, 0.35nM, 0.71nM, 1.4nM, 2.8nM, 5.7nM, 11nM, 23nM, 46nM, 91nM (to 2 s.f.) were imaged. The test object was placed 11cm from the laparoscope. Camera settings were 0 gain, 2x2 binning and cooling enabled. Maximum laser drive current is 412mA (laser producing 100mW). Exposure times for the different agent concentrations are (respectively) 1, 1, 2, 4, 8, 12, 24, 48, 96, 192, 192, 192 seconds.
Spatial resolution
The spatial resolution is limited by the CCD camera pixel density and not by the optics of the laparoscope and fluorescence filtering system. The maximum CCD camera resolution is 1344(H) by 1024(V). Pixel binning can also be implemented at 2x2, 4x4 and 8x8, reducing spatial resolution (and the number of pixels in the image) but increasing signal intensity (and reducing noise). Images of a uniform 0.5cm spaced grid (graph paper) were obtained from the grid placed at a distance of 2.5, 5, 7.5, 10, 12.5 and 15cm from the laparoscope at 2x2 CCD binning. The pixel size is then determined by measuring the number of pixels across the largest grid separation in the field of view, at each distance from the laparoscope.
Temporal resolution
The CCD camera response is linear with exposure time. The temporal resolution is characterised by expressing the intensity of the image of the tissue mimicking phantom (intralipid/blood/dye) in the units sec -1 (mW excitation irradiance) -1 (nmole dye) -1 , the phantom is placed 10cm from the laparoscope and 2x2 CCD binning used for image acquisition.
Dosimetry
The light distribution produced by the laparoscope varies with the distance of the object from the laparoscope. The shape of the intensity distribution is measured by taking images with the laparoscope from white paper at various distances from the scope. Absolute intensity measures are acquired by performing irradiance measurements with a Vectra H410 Scientech meter with a Scientech AP30 (S/N 1045 calibrated detector). Images of the detector are also acquired through the laparoscope at the time of dosimetry measurement, so the placement of the detector in the field of view, and the detector aperture size can be determined and used to interpret dosimetry measurement. All dosimetry measurements are performed at maximum laser output (100mW) at a drive current of 412mA and a TEC setting of 11.343 kΩ.
Noise
The image noise was measured by imaging a 1 microW/cm 2 diffuse uniform target (of 685-735nm bandwidth) and calculating the signal to noise ratio (SNR) as a function of exposure time. Camera settings are 2x2 binning and zero gain.
Representative animal image
An example image from a tumor bearing mouse model was obtained. Instrument settings were adjusted to mimic specifications of a clinical system. The surface to be imaged was placed 2.5cm from the laparoscope tip. Image pixel dimensions were set to 62x62 microns and exposure adjusted to obtain a 40ms exposure with a surface irradiance of ~25mW/cm 2 . The image was acquired 2 hours post intra venous administration of a targeted fluorescent contrast agent with Cy5 as the reporter molecule at a dose of 50 nmole /kg body weight. The tumour is ~3-4mm in diameter and 1.5mm thick and is located at the surface of the tissue.
RESULTS
Sensitivity
For optical density measurement image data was processed using the in-house application program (written in Matlab TM , R2006a). A region of interest was placed in the centre of the target image and the mean intensities recorded for the images with filters in place and removed. The mean intensity was then normalised to exposure time and the optical density calculated to be OD 5.28 (to 3 s.f.).
A camera bias is present in the raw data. With no illumination light reaching the CCD a background 'bias' value is produced by the camera. Any signal from light is added to this bias. This value was measured to be 201.25 a.u. and was subtracted from all raw data. A region of interest was placed in the centre of the target image and the mean intensities recorded for the different phantom images. The mean intensity in the region of interest was normalised to exposure time to provide a fluorescence signal (in a.u.) per second exposure. A concentration range of three orders of magnitude (1:10 3 ) was measured. Dye concentration increased by a factor of two between phantom concentrations (a geometric progression in concentration). A Log Log plot of dye concentration (nM) versus imaging signal (a.u.) is plotted in Figure 3 . A linear model fit calculated from data above 1nM concentration is indicated by the dashed red line. There is clearly a linear relationship between dye concentration and imaging signal in the 1 to 100nM concentration range. 
Spatial resolution
A 0.5cm spacing grid pattern was placed at 2.5, 5, 7.5, 10, 12.5, and 15 cm distance from the laparoscope. The number of pixels per grid spacing was then determined from the image acquired. The pixel dimension is then calculated from knowledge of the grid spacing. Measurements were performed at a camera setting of 2x2 binning. 1x1 binning produces a halving of the pixel linear dimension, and 4x4 and 8x8 and doubling and quadrupling respectively. The highest spatial resolution obtainable is measured at the closest distance (2.5cm from scope) with 1x1 binning and corresponds to a pixel size of 32x32 microns, giving a spatial resolution of 31.25 pixels per mm.
The field of view (FOV) area, A , was determined as the area enclosed by the -3dB and -6dB intensity contours calculated from the image from the white paper target. Assuming that the area is approximately circular, the FOV diameter, 
Temporal resolution
The fluorescence phantom measurement shown in Figure 
Dosimetry
When imaging the white paper target at increasing distance from the laparoscope the overall (spatially integrated) image intensity follows the expected inverse square law, as shown in Figure 6 . However, due to the geometry of the illumination aperture, the peak image intensity, max I , as a function of 1/distance 2 , 2 1 d , is not linear but is better modelled by the quadratic (see Figure 7) .
The maximum image intensity has been converted into irradiance units (mW/cm 2 ) by calibration with dosimetry measurements. 
Noise
The signal to noise ratio (SNR) from a 1 microW/cm2 diffuse target as a function of exposure time is shown in Figure 8 . The SNR was measured by taking 128 images at each exposure setting. The SNR was then calculated from the ensemble 
Representative animal image
An example image from a tumor bearing mouse model is shown in Figure 9 . Instrument settings were adjusted to mimic specifications of a clinical system. The surface to be imaged was placed 2.5cm from the laparoscope tip. Image pixel dimensions were set to 64x64 microns and exposure adjusted to obtain a 40ms exposure with a surface irradiance of ~25mW/cm 2 . The image was acquired 2 hours post administration of a targeted fluorescent contrast agent with Cy5 TM as the reporter molecule at a dose of 50nmoles / Kg body weight. The image signal to noise ratio is ~30:1 in the tumour region of Figure 9 and between 10-20:1 outside. The tumour target to background ratio (TBR) is defined as the average (arithmetic mean) image intensity in the tumour region divided by the average intensity in the adjacent background. The TBR for the example image of Figure 9 is 2.4:1 (2 sig. fig.) . The concentration of reporter molecule in the tumour is approximately 8 nanomoles /Kg. 
DISCUSSION AND CONCLUSIONS
A fluorescence imaging system designed to image at Cy5 TM wavelengths (635nm excitation, 680-700nm fluorescence) has been characterized. The system is based around a clinical laparoscope. System settings can be adjusted to obtain fibrescope or videoscope image quality. It has been demonstrated that adequate image quality can be produced when imaging nanomolar concentrations of reporter molecular in millimeter sized tissue volumes located close to the surface. The imaging system characterization can be used to predict image signal to noise ratio at any desired operating point. For example, the effects of using a less efficient CCD on image signal to noise ratio, trade-off between spatial and temporal resolution and illumination strength, can all be determined from the quantitative system characterization.
It is concluded that imaging a contrast agent with a one-to-one targeting mechanism is technically feasible for endoscopic imaging of superficial lesions of millimeter linear dimensions. 
